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In this review, we examine recent developments in the field of chemical and biological sensing utilizing suspended-core,
exposed-core, and hollow-core microstructured optical fibers. Depending on the intended application, a host of sensing
modalities have been utilized including labelled fluorescence techniques, and label-free methods such as surface plasmon reso-
nance, fiber Bragg gratings, and Raman scattering. The use of various functionalization techniques adds specificity to both
chemical ions and biological molecules. The results shown here highlight some of the important benefits that arise with the
use of microstructured optical fibers compared to traditional techniques, including small sample volumes, high sensitivity, and
multiplexing.
Introduction
Optical detection of chemical or biological species
relies on the interaction between a target species and
light, either to change the properties of the excitation
light in a manner corresponding to the properties of the
species or to generate a separate, measurable light signal
that can be used as the detection mechanism.1,2 Optical
fibers are one platform which can exploit this mechanism
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to create a sensor. These structures have well-defined
optical guiding properties, an ability to guide light to
areas of interest, and are compatible with an array of
established excitation sources and detection devices.1
Conventional optical fibers, such as those used tradi-
tionally for optical communication, consist of two con-
centric solid glass materials forming the core and the
cladding. Such fibers are exceptionally good at carrying
light from one end of the fiber to the other and back with
very low loss and have therefore been successful for appli-
cations where sensing is performed at the distal end of
the fiber, known as extrinsic sensing.2,3 However, solid
core optical fibers do present some limitations in sensing
applications, as the interaction area is limited to the fiber
tip’s cross section, with a diameter in the order of up to a
few hundred micrometers.2
Many optical fiber designs have been proposed and
demonstrated to achieve intrinsic sensing, where the
optical fiber is not simply a light pipe but plays a sig-
nificant role in the sensing. For chemical and biological
sensing, this usually refers to accessing a portion of the
optical field that propagates along the fiber, such as
through tapering4 or the use of D-shaped fibres.5 This
approach is attractive as it allows the integration of
light–matter interactions along the fiber length. How-
ever, modification of the fiber geometry in this way
leads to either fragile structures or very low sensitivity,
depending on the amount of tapering or portion of the
fiber cladding removed.
Microstructured optical fibers (MOFs) offer the
advantage that the interaction between the light and
chemical species can be extended along the entire
length of the fiber, while maintaining the integrity of
the device. In suspended-core MOFs (SCMOFs), the
glass core is suspended in air by thin struts, allowing a
portion of the guided light to extend outside the fiber
core into the surrounding holes which serve as low-vol-
ume sample chambers.6,7 For exposed-core MOFs
(ECMOFs), the suspended core is partly open to the
environment, enabling easy access to the fiber core and
removing the need for sample filling.8,9 Hollow-core
MOFs (HCMOFs) have also been used for sensing,
where the air core not only guides light but also serves
as the sample chamber, allowing large overlap of the
guided light with the sample.10
The overlap of the guided light means that proper-
ties such as the refractive index and the absorption
characteristics of the medium can alter the properties of
the guided light.11,12 These fibers are an attractive plat-
form for liquid sensing as they can enable strong light–
matter interactions, long interaction lengths, and the
use of small sample volumes.6
In this study, we review our recent progress exploit-
ing the use of MOFs for optical sensing. Methods for
the attachment of functional species to the surfaces of
MOFs are discussed in the scope of describing how
MOFs can function as active sensing elements. We focus
on the different modalities of deploying MOFs in sens-
ing applications, using both label-based fluorescence and
label-free detection techniques. For label-based fluores-
cence sensing, we discuss the different chemical and
physical mechanisms used for surface attachment of
suitable marker molecules, the fiber geometries, and the
varied target species which can be detected using MOF-
based sensors. For label-free sensing, we explore
whispering gallery modes, surface plasmon resonance
detection of biological species, Bragg grating-based sens-
ing, and Raman spectroscopy in MOFs, highlighting an
additional toolset of sensing mechanisms for MOF-
based chemical and biological sensing.
Surface Functionalization
One solution to adding chemical or biological
specificity and selectivity using an optical fiber is to
premix reagents with a sample containing the analyte
of interest, a small volume of which is then interro-
gated by the fiber. A different approach is to bind reac-
tive molecules or antibodies to the glass surface before
the fiber interacts with the analyte. As most analytes of
interest do not typically bind directly with the glass, it
is first necessary to create a scaffold onto which the
molecules can be bound, through either a grafting or
physical functionalization procedure.
Grafting
Grafting, or linking, the sensing molecule of
interest to the sensor surface is commonly achieved
via covalent bonding to oxide surfaces,13–15 poly-
mers,16 or metals.17 A number of different attachment
chemistries are available, including phosphonates, car-
boxylates, catechols, alkenes, alkynes, and amines, with
a large body of work looking at attachment via
silanization.18
For silanization, hydrolysis of the silane forms sila-
nols, which attach to hydroxyl groups on the surface
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via a condensation reaction. This allows for diverse
functional groups to be utilized, including perfluo-
roalkyl, amino, and sulfhydryl for surface passivation or
further sensing molecule immobilization.
The surface density of hydroxyl groups on the sen-
sor surface has a large influence on the layer density,
with techniques such as plasma activation19 or treat-
ment of the surface with acids used to increase the sur-
face density.20 A low surface density typically results in
low reproducibility in the deposition process.20,21
Silanes can be deposited either in solution20 or in
vapor phase22 with previous work in MOF functional-
ization focused on solution deposition. The solution
deposition process typically involves dipping the freshly
prepared sensor into the silane solution, yielding a full
silane coating in minutes to hours.20
Physical Functionalization
Physical functionalization is a collective term for
any approach by which the sensor molecules are
attached to the surface by forces that are not chemical
bonds, such as electrostatic forces. These methods have
less dependence on the chemistry of the surface and
can therefore be exploited on a wide variety of sub-
strates including metals,23 polymers,24 glass,25 and
carbon nanotubes.20
One particular approach is to deposit layers of
charged polymers, such as polyelectrolytes (PE) from
solution. This involves a layer-by-layer process, wherein
the PE is attached through electrostatic interaction. The
first PE layer, with a charge opposite to the intrinsic
surface charge of the substrate is deposited, rinsed, and
a subsequent PE layer of the opposite charge depos-
ited.26 The process can be repeated multiple times to
stack layers onto any substrate, resulting in an increased
PE functional group density on the sensor surface.
Alternatively, a volume-doped polymer layer can
be deposited, as shown in Fig. 1b.27 This process can
combine both the formation of a protective coating,
along with functionalization of the fiber to the target
species.27 The thin polymer film functionalized fiber,
shown in Figs. 1a and c, has been shown to be suitable
for the detection of aluminum cations. This result also
shows that the fluorophore (8-hydroxyquiniline) is not
held too tightly within the polymer, allowing for multi-
ligand binding so that three molecules can still complex
with the aluminium.
Fluorescence-Based Sensing Methods
Once a method for attaching molecules to the sur-
face of the MOF is established, functionality needs to
be added to allow for specific detection of the target
molecules, that either utilizes these surface attached
methods, or involves premixing of chemicals and the
subsequent use of the MOF for sample interrogation.
One of the primary ways that specificity can be
achieved is through fluorescence-based sensing tech-
niques. These typically excite fluorescent molecules or
nanoparticles with light guided along the fiber, and
analyze the emitted light captured using the same fiber.
The captured light can be analyzed at either end of the
fiber, with the back-captured emission both improving
the practicality of the probe as well as potentially
increasing the sensitivity of the device.28 Examples of
SCMOFs used for sensing are shown in Fig. 2.
Changing the geometry and material of the MOF
allows the desired fiber parameters to be tailored to the
specific application. Decreasing the core diameter
increases the overlap of the optical field with the med-
ium, which increases sensitivity.31 Meanwhile, the hole

















Fig. 1. (a) Contrast enhanced scanning electron microscope image of ECMOF cross section, with core region highlighted in green. (b)
Thin film polymer deposition method on ECMOFs. (c) Scanning electron microscope image of the outside edge of the exposed core, with a
50-nm polymer coating.27
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sample volume, or larger to reduce filling time.6 The
fiber material can be selected to optimize the sensor,
for example, increasing the glass refractive index (e.g.,
F2 glass [Fig. 2a] has a higher index than silica
[Fig. 2b]) increases the numerical aperture of the fiber
and thus the proportion of the fluorescence that can be
re-captured.31
For SCMOFs, the fibers are filled using capillary
action, which is approximately 5 min for a 20-cm
length of fiber with an internal volume of 60 nL.32
Two primary fluorescence sensing avenues have
been explored using MOFs. The first seeks to use fluo-
rophores as labels for biomolecules, while the second
looks at the emission from fluorophores and attempts
to correlate the observed signals with concentrations of
chemical species within the solution.
Fluorescence-Based Sensing of Biomolecules
By labeling target biomolecules with fluorescent
markers, the detection of the biomolecule itself can be
inferred from the detection of the fluorophore to which
it is attached. The sensitivity of fluorescence-based
MOF-biosensing is typically limited by either back-
ground fluorescence emissions, or photobleaching.
Previous work by Jensen et al.33 utilizing Cy5
labelled DNA, looking at the absorption rather than
the emission of the fluorophores restricting the detec-
tion limit to 0.1 lM. Smolka et al.10 were able to
observe concentrations as low as 1 nM by measuring
the fluorescence emission of Rhodamine 6G using an
HCMOF with a large light–matter overlap.
The use of alternative labels, such as semiconduc-
tor-based quantum dots (Qdots), allows for detection
of biomolecules to be performed at much lower con-
centrations. Filling near infrared emitting Qdots within
the holes of an SCMOF allowed for detection down to
1 nM of quantum dot labelled proteins,34 which was
further improved to 10 pM after modifications to the
glass composition and fiber design.29 This result was
limited primarily by background fluorescence emissions
from the glass.
Lanthanide-doped upconversion nanoparticles
provide a significant advantage over alternative labels, as
they emit at a shorter wavelength compared to the excita-
tion source. The high brightness of these particles,
combined with a significant reduction in competing
background signals allows for an improvement in detec-
tion to 660 fM using erbium-/ytterbium-doped
nanoparticles.35 Using optimized thulium-ytterbium-
doped nanoparticles allows further sensitivity improve-
ments. These high brightness, highly doped nanoparticles
along with the lack of competing background signals
allows detection of single nanoparticles from one end of
the fiber as they enter into the vicinity of the evanescent
field inside a SCMOF from the fiber’s other end.36
Another application where SCMOFs have also
found use in is enzyme activity assays, where they have
been shown to be able to detection of PC6 down to
50 U/mL using a sample size of 210 nL.30 This is par-
ticularly important for potential in vivo applications,
where difficulty removing larger samples restricts the
total available volume leading to a particular advantage
in using MOFs for these particular applications.
Further work has explored the use of these fibers for
specific DNA detection25 and genotyping, where molec-
ular beacons have been multiplexed to differentiate
between wild- and mutant-type sequences in MOFs.37
(a) (b) (c)
Fig. 2. Scanning electron microscope images of SCMOFs used for sensing applications made from (a) F2 Glass29 and (b, c) Silica.30
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Fluorescence-Based Chemical Sensing
In addition to their use as biosensors, MOFs can
also be applied to chemical sensing applications. These
sensors typically function by detecting and amplifying
the interaction of the desired substrate with a receptor,
where the receptor is usually a small-molecule respon-
sive fluorophore.
By choosing the appropriate fluorophore to react
with the target species, these MOF-based sensors have
been used to detect metal ions such as aluminum38
through the use of a surface attached fluorophore layer,
sodium ions,39 or hydrogen peroxide.40
A recent advance in sensing technology involves
the use of photoswitchable molecules and MOFs to
create light-driven sensors that are capable of targeting
the desired substrates selectively and reversibly among
other unique characteristics. The photoswitchable com-
ponent provides an ability to modulate reversible bind-
ing and release of the desired ion from the binding
domain. Such a sensor would allow for multiple mea-
surements to be made on a single sample without the
need to change the sensor. This would then permit
continual and noninvasive study of biological systems,
with an associated increase in the sensors’ useful life-
time. In this respect, the first nanoliter-scale regenerable
ion sensor based on MOFs was recently reported,41
where the air holes of the MOF are functionalized with
a monoazacrown bearing spiropyran to give a switch-
able sensor that reversibly detects lithium ions down to
100 nM in nanoliter-scale volumes. Similar sensors for
probing zinc42 as well as multiple ions have also been
demonstrated using MOFs, with a dual sensor for cal-
cium and cadmium capable of detecting ion concentra-
tions as low as 100 pM.43
The deposition of thin layers of reactive polymer
layers gives an alternative to standard organic fluo-
rophores, as the polymer layer itself can be used for
detection. This has been demonstrated using poly[2-
methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] for
explosives detection, showing a detection limit of
6.3 ppm using only 27 nL of sample volume.44
Label-Free Sensing Methods
Methods which do not require prior attachment of
fluorescent molecules to perform detection are commonly
referred to as label-free techniques. These encompass
methods which either look at a refractive index change on
a surface to correlate binding, typically of biomolecules,
or methods such as Raman spectroscopy which look at
vibrational modes of the molecules themselves.
In the optical domain, we have successfully
exploited four different physical phenomena in con-
junction with MOFs to create new sensing modalities.
Whispering Gallery Modes
Whispering Gallery Modes (WGMs) refer to a res-
onance mechanism that occurs when light is trapped
within a microresonator by total internal reflection, and
returns in phase after one or multiple roundtrip(s).45
Multiple geometries of optical resonators have been
investigated, including microspheres,45,46 capillaries,47
micro disks, and toroids.48 WGMs have been widely
used for refractive index sensing and biological sensing
applications in particular via surface functionalization.49
The amount of time the light remains circulating
within the resonator determines the quality (Q) factor
(i.e., the linewidth of the resonance features), with a
higher Q-factor resulting in longer interaction lengths
with the molecules as they bind to the surface.50
WGMs can be excited and interrogated through two
different mechanisms. The first approach involves using
a phase matched fiber taper or prism to couple light to
the microresonator at one of the resonance wave-
lengths.48 This approach runs the risk that a small devia-
tion in the optimum position of the gap separating the
resonator and the taper will not only affect the coupling
conditions, but also be seen by the resonator as a change
of local refractive index, yielding measurement error.51
The second approach relies on using microres-
onators which contain a gain medium such as a fluores-
cent dye, and through remote excitation of the dye the
re-emitted light can be coupled back into the resonant
modes. This allows for remote excitation and collection
of the WGM-modulated spectra as seen in Fig. 3a, alle-
viating the limitation of the taper coupling require-
ments but at the cost of lower Q-factors.
We have initiated the use of SCMOFs for both
the excitation and collection of the WGM signal emit-
ted by a dye-doped polymer microsphere positioned
onto the tip of the fiber, as shown in Fig. 3b.52 Further
work on this platform has shown a strong coupling
mechanism between the microsphere and the SCMOF
as a function of the diameter mismatch between the
microsphere and the hole into which the microsphere is
positioned, resulting in preferential enhancement of the
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WGM depending on their polarization53. This effect,
combined with the operation of the dye-doped micro-
spheres above their lasing threshold allowed to increase
the stored energy within the resonator, increasing the
Q-factor45 by almost 69, allowing for improved detec-
tion limits and the potential for in-vivo biosensing
applications.24
Surface Plasmon Resonance
Surface plasmon resonance (SPR), which refers to
the oscillation of free electrons in thin metallic coat-
ings, is another refractive index sensing method that
has been widely exploited for biosensing applications.
The resonance wavelength depends on the different
dielectric functions of the metallic coating and dielec-
tric substrate, as well as the surrounding refractive
index adjacent to the metallic coating.54
Although SPR methods initially used a prism to
match the propagation constant of the monochromatic
radiation with the propagation constant of the plas-
mons, a similar mechanism has as been demonstrated
with optical fibers.55 Hassani and Skorobogatiy55
started investigating the use of SPR in a MOF, with
theoretical work showing the potential for improved
performance.
To circumvent observed issues with physical depo-
sition methods inside MOFs, an electroless plating
technique for silver deposition based on the Tollens
reaction has been developed.56 Initial work showed that
scattering of the plasmonic wave induced by the higher
surface roughness of silver thin film can be exploited
on bare core optical fibers. This process essentially
turns an intrinsically nonradiative process into a radia-
tive one, with significant advantages compared with the
standard transmission measurements in terms of signal-
to-noise ratio, the potential for multiplexed and self-ref-
erencing sensing.23,57,58
Recently, we showed that a silver layer could be
deposited on the core of an ECMOF (similar to that
shown in Fig. 4a) by thermal evaporation. This fiber
possessed a significantly smaller core diameter
(Øcore~10 lm) compared to the bare core fibers previ-
ously used (Øcore~140 lm) and resulted in a reduction
of the resonance linewidth by a factor 3, while the
refractive index sensitivity (dk/dn) remained constant,59
improving the refractive index detection limit by the
same factor.
Bragg Gratings
Fiber Bragg gratings (FBGs) are formed by creat-
ing a small periodic modulation of the optical fiber’s
refractive index along its length, which results in a nar-
row band reflection at a particular Bragg wavelength.











Fig. 3. (a) Optical setup used for the excitation and interrogation of a dye-doped microsphere on an SCMOF tip, (b) WGM spectra of
a 15-lm diameter dye-doped polystyrene microsphere, (c, d) Bright field and fluorescence images of a microsphere positioned onto the tip
of a silica SCMOF.46
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community for their role in temperature and strain
sensing, as the pitch is highly dependent on strain,
while the effective refractive index of the fiber is depen-
dent on temperature via the thermo-optic effect.2
In the case of refractive index sensing, the position
of the Bragg wavelength depends on the fiber’s effective
index, which in-turn depends on the refractive index
experienced by the evanescent field. For FBGs written
on conventional optical fibers, the analyte is well iso-
lated from the light guided within the fiber, and as
such the fiber cladding needs to be thinned down to
improve the refractive index sensitivity.60,61
There is particular advantage in using MOFs
which can be tailored to enhance this light–matter
overlap without weakening the fiber structure. For
example, an ultra-violet written FBG in an SCMOF
was shown to detect a refractive index variation of
3 9 105 refractive index units (RIU).62
Two challenges arise using SCMOFs for FBG-
based biosensing. Firstly, they must be filled from the
distal end to interact with analytes, and secondly, com-
plexity can arise due to inscription methods being sus-
ceptible to scattering by the MOF geometry.63
To address these issues, ECMOFs have been devel-
oped where the core is accessible from one side along
the length of the fiber. These have been fabricated from
a diverse range of materials including polymer,64
chalcogenide,65 lead-silicate,8 and silica.9,66–68 Silica
ECMOFs show good stability9 and can be readily
spliced to conventional single mode fiber for easy inte-
gration with commercial interrogation equipment.67,68
ECMOFs have been fabricated with core diameters
ranging from 2.7 to 12 lm, as seen in Fig. 4.68
Fiber Bragg gratings have been written onto the core
of these ECMOFs using a femtosecond laser technique:
using sufficiently short duration pulses multiphoton
absorption can lead to ionization of electrons and the
physical removal of material, a process known as laser
ablation.63 An example of such gratings is shown in
Figs. 5a and b for the 7.5 lm core diameter ECMOF
from Fig. 4c. The Bragg reflection shift with respect to
external refractive index is shown in Fig. 5c, and the shift
with polyelectrolyte layer deposition shown in Fig. 5d.
While FBGs on ECMOFs are less sensitive than
techniques based on surface plasmon resonance, with
shifts reported in the range of 1.1 to 101 nm/RIU
depending on core diameter, the capability to be multi-
plexed and operate in reflection mode makes them a
particularly attractive research direction for label-free
assays in in-vivo biosensing applications.
Raman Spectroscopy
Raman spectroscopy is a form of vibrational spec-
troscopy in which each Raman-active chemical bond
vibrational mode changes the energy of incident pho-
tons from a laser source by a fraction equal to that
mode’s vibrational energy.69 Raman spectroscopy has
the great advantage of being a label-free technique that
can uniquely identify chemical species in a sample
without the need for target-specific chemistry or surface
modification.70 Optical fibers have been deployed for
Raman-based optical sensing as, besides their advan-
tages in terms of delivering and collecting light,2 in the
case of MOFs they can enhance the Raman signature
from target molecules.71,72
We have shown that Raman spectroscopy in
SCMOFs can be used as a method for detecting explo-
sives in liquid samples.32 We were able to detect explo-
sive quantities as small as 1 lg (Fig. 6a) in a small
(a) (b) (c) (d)
Fig. 4. Scanning electron images of fabricated silica ECMOFs.68 The fibers have core diameters of (a) 12.5 lm, (b) 9.3 lm, (c)
7.5 lm, and (d) 2.7 lm. The outer diameters of the fibers at the maximum point are (a) 200 lm, (b) 200 lm, (c) 160 lm, and (d)
200 lm.
www.ceramics.org/IJAGS Taming the Light in Microstructured Optical Fibers 235
sample volume (60 nL). The sensor was tested using
hydrogen peroxide (H2O2), a key ingredient in making
triacetone triperoxide (TATP), a difficult to detect
home-made explosive, as well as using 1,4-dinitroben-
zene (DNB), a member of the nitroaromatic family of
explosives and a substitute molecule for 2,4,6-trinitro-
toluene (TNT). In addition, using the solvent’s Raman
signature as a calibration standard in the same measure-
ment, we were able to quantify the amount of explosive
in the sample (Fig. 6b).
Background Raman signal from the solid core of
SCMOFs can, however, hamper the detection limit of
these optical fiber sensors. HCMOFs can overcome this
issue, as the light is guided within the sample region
itself, therefore maximizing the Raman signal.73 These
HCMOFs are time consuming to fabricate, as they rely
on capillary stacking.74,75 Our work concentrated on
single ring hollow core antiresonance reflection optical
waveguiding fibers76,77 fabricated using the extrusion
technique.78 This simple fabrication process was used
to fabricate a lead-silicate glass (Schott F2HT) preform
that was directly drawn to a single ring HCMOF (loss
spectrum shown in Fig. 7a) with a core diameter of
47 lm, and a central ring diameter of 1.5 lm (Fig. 7a
inset).
After filling with ethanol, spectra showed a 4 times
increase in the intensity of the ethanol Raman spectrum
when coupled into the core compared to the signal
from the bulk ethanol (Fig. 7b). The combination of
ease-of-fabrication and enhanced Raman sensing perfor-
mance highlights the potential of extruded single ring
HCMOFs as Raman sensors.79
Conclusion
Optical fiber sensors have emerged as a very promis-
ing category of devices due to the combination of attrac-
tive physical properties, ease of integration with existing
optical sources and detectors and the large number of
compatible sensing modalities. Lowering the detection
limits for analytes of interest and increasing the selectivity
(a) (b) (c) (d)
Fig. 5. (a, b) Scanning electron images of the ECMOF from Fig. 4(c) with femtosecond laser ablation gratings written on the exposed-
core. (c) Shift in the reflected Bragg wavelength when the ECMOF is immersed into liquids of varying refractive index. (d) Shift in the
Bragg wavelength as polyelectrolyte layers are coated onto the ECMOF.68
(a) (b)
Fig. 6. (a) Experimental data showing the Raman signal intensity for hydrogen peroxide and water for an aqueous solution of hydrogen
peroxide (b) correlation between the hydrogen peroxide concentration in water and the ratio between the Raman signal intensities.
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of optical fiber sensors are the main challenges for
deploying these sensors in real-world applications.
In this work, we have demonstrated the use of
MOFs in a diverse range of sensing applications to
answer these challenges. MOFs have unique optical and
physical properties that can be tailored by controlling the
fiber geometry during fabrication, allowing for control
over the light–matter interaction. The structural geome-
tries of SCMOFs or HCMOFs enable interaction
between light and analyte along the entire length of the
fiber, allowing for measurements to be performed on
small sample volumes with lower detection limits.
The use of label-free techniques such as WGM/
SPR, Bragg gratings or Raman, as well as surface
attachment methods for fluorescence-based sensing
enables these sensors to be used without perturbing the
sample. Lower detection limits can be aided by self-ref-
erencing methods that reduce the effect of fluctuations
in the performance of the sensors at small signal levels
and offer the potential for quantification of analytes in
a sample. This makes MOF-based sensors particularly
useful for measurements of low concentrations of ana-
lytes in small volumes of sensitive biological samples
and has the potential to enable nondestructive in vivo
or in vitro measurements in real time.
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